Catalytic combustion-type CO gas sensors employing the mixture of Pt-loaded CeO 2 ZrO 2 ZnO catalyst and artificial diamond with high thermal conductive nature were successfully fabricated. While the sensor employing only Pt-loaded CeO 2 ZrO 2 ZnO catalyst exhibited CO sensing performance over 100°C with high electrical noise, the sensor with the mixture of artificial diamond and the catalyst could operate even at 80°C and the electrical noise was also reduced. At the same operating temperature at 130°C at which both sensors showed the highest sensitivity, the 50% response time toward CO gas concentration change was accelerated from 103 s for the sensor without artificial diamond to 76 s by using the sensor with artificial diamond. Furthermore, the sensitivity toward CO gas was also increased.
Introduction
Carbon monoxide (CO) is a colorless, odorless, and nonirritating gas with high toxicity. The inhalation of CO gas leads to serious health hazards. For example, exposure to 400 ppm CO gas for 1 to 2 h causes a frontal headache and expose to 800 ppm CO gas for 45 min causes dizziness, nausea and convulsions. 1) However, since it is difficult to notice the presence of CO gas by ourselves, the proper protective devices are always required, such as gas detection sensors or filters, to prevent the inhalation of CO gas. 2) Nowadays, low temperature-operative CO gas sensor has gained enormous attention such as semiconductor, 3)5) potentiostat, 6) and catalytic combustion-type sensor.
7),8)
Although semiconductor-type sensors have been widely used because of their easy fabrication and stable performance, other reducing gases are capable to react with surface oxygen of semiconductor and consequently causing the electrical resistance change. In the case of potentiostattype CO gas sensors, they exhibit high sensitivity and selectivity to CO gas even at low temperatures. However, this type of sensor has a problem of short-term operation because of the evaporation of liquid electrolyte in the device. On the other hand, the catalytic combustion-type CO gas sensors show superior lifetime with stable sensing performance, because they consist of only solid components of Pt coil and CO oxidation catalyst. Therefore, the catalytic combustion-type CO gas sensors are believed to be a promising candidate for CO gas detecting tool. The detection mechanism of catalytic combustion-type CO gas sensor is as follows: when CO gas in the test gas is oxidized by catalyst, combustion heat was generated, which elevates the temperature of Pt coil embedded in the catalyst. This temperature change results in resistance change of Pt coil which can be detected as electronic signal.
In our previous work, we have succeeded in developing a low-temperature catalytic combustion-type CO gas sensor, by employing 10 wt % Pt-loaded CeO 2 ZrO 2 ZnO as the catalyst.
9) The sensor employing this catalyst shows response toward CO gas even under humid conditions. However, the obtained signal from this sensor contained high electrical noise and the response time toward CO gas was still needed to be improved. This phenomenon is caused by an insufficient heat transfer from the catalyst to the Pt coil. To improve the sensing performance, response time and the reduction of the electrical noise of the sensor, thermal conductive material of aluminium nitride (AlN) was introduced to the sensor employing 10 wt % Pt-loaded CeO 2 ZrO 2 SnO 2 catalyst, which has similar CO oxidation activity with 10 wt % Pt/CeO 2 ZrO 2 ZnO. However, this sensor required much amount of AlN to obtain good sensing performance. 10) Furthermore, using much amount of AlN leads to less amount of loaded-catalyst which may deteriorate the sensing performance of the sensor. To solve this problem, another thermal conductive material is required to increase amount of loaded catalyst in the sensor. Here, we focus on artificial diamond, which is an excellent candidate for thermal conductive material, due to its highest thermal conductivity and satisfactory heat spreaders.
11)
In this study, we successfully improved the sensing performance of a catalytic combustion-type CO gas sensor incorporating a 10 wt % Pt/CeO 2 ZrO 2 ZnO catalysts by mixing artificial diamond as a thermal conductive material. The size of added artificial diamond and weight ratio to the catalyst were optimized, and their sensing performances were also investigated in details. 2 (Kishida Chemical Co., Ltd.) aqueous solutions and 43.7 g of polyvinylpyrrolidone (PVP) (Wako Pure Chemical Industries, Ltd.) were mixed. After the solution was stirred at 80°C for 6 h, the temperature was raised up to 180°C to evaporate the solvent. The residual carbon was eliminated from the obtained product by heating at 350°C in atmospheric air. After pre-calcination, the obtained powder was calcined in ambient atmosphere at 500°C for 1 h. The pale yellow powder was produced with weight of 1.3 g.
Synthesis of 10 wt % Pt-loaded CZZn
(10 wt % Pt/CZZn)
The 10 wt % Pt/CZZn was synthesized using impregnation method. 0.8 g of CZZn powder and 20 mL deionized water were added into a solution of 2.23 g Pt-PVP (Pt: 4.0 wt %) in ethanol (Tanaka Kikinzoku Kogyo Co., Ltd.) and the mixture was stirred at room temperature for 6 h. After that, the solution was raised the temperature of 180°C to evaporate the solvent and dried up for an hour. The obtained powder was kept overnight in drying oven at 80°C. The obtained product was ground and calcined at 400°C for 4 h in ambient atmosphere.
Characterization of catalysts
Sample characterization was performed using X-ray fluorescence (XRF) (Rigaku, ZSX100e) and powder X-ray diffraction (XRD) (Rigaku, SmartLab). CO oxidation activity was investigated by a conventional fixed-bed flow reactor with flowing 1000 ppm CO diluted in air at space velocity of 20000 L Kg ¹1 h ¹1 and by the gas chromatography with thermal conductivity detector (Shimadzu, GC-8AIF) to observe gas compositions after the reaction. To investigate heat capacity, differential scanning calorimetry (SII, EXSTAR6000) was performed using an aluminum pan with a heating rate of 10°C min 1 between 50400°C.
2.3 Investigation of sensing performance of the catalytic combustion-type sensors employing 10 wt % Pt/CZZn catalyst without and with artificial diamonds
The catalytic combustion-type CO gas sensor was devised using 10 wt % Pt/CZZn catalyst. The 510, 10 20, 3040 and 4060¯m artificial diamonds (Tomei Diamond Co., Ltd.) were mixed with the catalyst, using 1:1, 1:5 and 5:1 weight ratio, and dispersed in ethylene glycol to form slurry mixture. Then, the slurry was coated onto a 30¯m Pt wire. The sensor was heated by applying a direct-current voltage of 0.5 V to the Pt coil to evaporate the ethylene glycol and the catalyst was sintered. To allow precise assessment of the efficiency of the artificial diamond as a thermal conducting material, the total volume of catalyst without artificial diamond and the total volume of the mixture, which applied to the sensor, were fixed at the same amount for all sensors. The CO sensing performance was investigated in the atmosphere as a function of CO gas concentration from 0500 ppm (obtained by diluting 1000 ppm CO gas with synthetic air) by using an electrometer (Advantest, R8240) to measure the generated DC voltage. The total gas flow rate passing through the sensor was fixed at 40 mL min 1 . The sensor signal response which correlated with the CO gas concentration can be defined as (R gas ¹ R air )/R air , where R gas and R air are the electrical resistance of the sensor in the target gas and in pure air, respectively. The sensor response time was defined as the time required for the electrical resistance of the device to reach 50% of the steady value that obtained at a given CO gas level. Figure 1 shows XRD pattern of the 10 wt % Pt/CZZn catalyst. It shows only peaks assigned to cubic fluorite structure of Ceria-Zirconia-Zinc Oxide and metallic plati- Fig. 1 . XRD pattern of 10 wt % Pt/CZZn catalyst.
Results and discussions
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Journal of the Ceramic Society of Japan 126 [10] 3.2 The optimal temperature of the sensors employing 10 wt % Pt/CZZn catalyst without and with artificial diamond Figure 2 shows the sensitivity toward 500 ppm CO gas at temperatures from 70 to 150°C for the sensors employing 10 wt % Pt/CZZn without and with artificial diamond where mixing weight ratio of 10 wt % Pt/CZZn catalyst to diamond is 1:1. As a result of the variation of artificial diamond size, the operable temperature and sensitivity of the sensor were enhanced in the order of 4060¯m > 3040¯m > 1020¯m > 510¯m > without artificial diamond. The 4060¯m artificial diamond not only significantly lowers the operating temperature of the sensor from 100 to 80°C, but also greatly improves the sensitivity toward CO gas. This can be explained by a heat capacity factor: the heat capacity of artificial diamond is less than that of 10 wt % Pt/CZZn catalyst as shown in Table 1 . From the obtained data, the heat capacity value of each sample was consisted with the order of the lowest operating temperature and sensitivity enhancement of the sensor. Therefore, it was clear that the lower heat capacity of the catalyst will increase to the greater extent in response to same amount of heat energy and, as a result, the temperature of the Pt coil is further increased. Figure 3 depicts the CO conversion property of 10 wt % Pt/CZZn catalyst without and with artificial diamond. All catalysts start to oxidize CO even at 0°C and complete oxidation at 50°C indicating the addition of the artificial diamonds into 10 wt % Pt/CZZn has no effect on CO oxidation activity.
Effect of artificial diamond size on CO
sensing performance of sensor employing the mixture of 10 wt % Pt/CZZn catalyst and artificial diamond
Since all the sensors without and with artificial diamonds showed the highest sensitivity at 130°C, the sensing performance was compared at 130°C. Figure 4 displays a representative response curve of the sensor employing 10 wt % Pt/CZZn without artificial diamond and the sensor with 1:1 weight ratio mixture of 10 wt % Pt/CZZn catalyst and 4060¯m artificial diamonds, measured at 130°C by changing CO concentration from 0 to 500 ppm and vice versa in a stepwise manner. Table 2 summarizes properties of the sensors. According to the sensor signal, it depends on the electrical resistance of Pt coil which directly affects to the temperature of Pt coil. Therefore, the sensitivity of sensor with artificial diamond was improved and 50% response time is also shortened. By using 4060¯m artificial diamond as thermal conductive material presents the highest development on response time and sensitivity toward CO gas compared to the other sensors which is corresponding to the heat capacity values. The thermal conductivity of polycrystalline artificial diamond is determined by grain size which strongly affects to phonon transport because some of the phonons are scattered at the Fig. 3 . CO conversion properties of 10 wt % Pt/CZZn catalyst without and with artificial diamond.
grain boundaries. Thus, the large grain size of artificial diamond increases the phonon flow rate. 13) The acceleration of the response time probably due to the improvement of heat transfer from CO oxidizing catalyst to Pt coil. In the case of the sensor without artificial diamond, a portion of heat generated by CO oxidation on catalyst will be released to atmospheric air before it can be transferred to Pt coil. Figure 5 depicts the steady-state sensor signals for the sensor without and with artificial diamonds at various CO gas concentrations at 130°C. The present sensors produce a signal which varies in a linear fashion as a function of CO gas concentration, suggesting that the present sensors can detect CO concentration quantitatively.
Effect of weight ratio of catalyst and arti-
ficial diamond on CO sensing performance of sensor employing the mixture of 10 wt % Pt/CZZn catalyst and artificial diamond
The weight ratio of catalyst to artificial diamond in the sensor was varied from 1:5, 1:1 and 5:1. All the sensors showed similar response curve to that of the sensor employing 1:1 weight ratio of the catalyst to 4060¯m artificial diamond (see Fig. 4 ). Table 3 summarizes properties of sensors mixed with 4060¯m artificial diamond as a function of mixing ratio. The sensor with 1:1 weight ratio of catalyst to 4060¯m artificial diamond exhibited higher sensitivity than those of sensors with 1:5 and 5:1 weight ratio. The possible reason for the effect of weight ratio could be due to imbalance of catalyst and artificial diamond. In the case of 1:5 weight ratio of 10 wt % Pt/CZZn to 4060¯m artificial diamond, too much amount of artificial diamonds obstructed CO gas to react with catalyst surface. As a result, the sensor can transfer the combustion heat from catalyst surface to the Pt coil normally, but detection amount of CO gas was decreased compared to the sensor using 1:1 weight ratio. Whereas, 5:1 weight ratio of 10 wt % Pt/CZZn to 4060¯m artificial diamond, small amount of artificial diamonds causes insufficient heat transfer ability to Pt coil. For that reason, the sensor still can oxidize CO gas as usual, but a prolonged time period is required to transfer heat from the catalyst surface to Pt coil and reach a thermal equilibrium state bring about longer 50% response time. Additionally, lack of heat transfer effected to the response value toward CO gas because the generated combustion heat at the catalyst surface was released to the atmosphere before it was transferred to Pt coil. Therefore, the 50% response time and response value against CO gas of the sensor with 5:1 weight ratio was diminished compared to the sensor using 1:1 weight ratio.
Conclusions
The sensitivity of catalytic combustion-type CO gas sensors incorporating Pt-loaded CeO 2 ZrO 2 ZnO catalyst was successfully enhanced by the addition of artificial diamond into the sensor as thermal conductive material. At the same operating temperature (130°C), the addition of artificial diamond is not only accelerated the response time of the sensor, but also improved the sensitivity and lowered electrical noise owing to the high thermal conductivity and smaller heat capacity compared to the catalyst.
